The tmRNA-SmpB system releases ribosomes stalled on truncated mRNAs and tags the nascent polypeptides to target them for proteolysis. In many species, mutations that disrupt tmRNA activity cause defects in growth or development. In Caulobacter crescentus cells lacking tmRNA activity there is a delay in the initiation of DNA replication, which disrupts the cell cycle. To understand the molecular basis for this phenotype, 73 C. crescentus proteins were identified that are tagged by tmRNA under normal growth conditions. Among these substrates, proteins involved in DNA replication, recombination, and repair were overrepresented, suggesting that misregulation of these factors in the absence of tmRNA activity might be responsible for the delay in initiation of DNA replication. Analysis of the tagging sites within these substrates revealed a conserved nucleotide motif 5 of the tagging site, which is required for wild-type tmRNA tagging.
A ll bacteria contain a specialized ribonucleoprotein complex that employs a unique mechanism to target nascent proteins for proteolysis and release stalled translation complexes (1) (2) (3) . The central components of this complex are tmRNA, an RNA with properties of both a tRNA and an mRNA, and SmpB, a small tmRNA-binding protein. tmRNA bound to SmpB is charged with alanine by alanyl-tRNA synthetase. The tmRNASmpB complex enters translating ribosomes that are stalled near the end of an mRNA, and the nascent protein is transpeptidated to the alanine-charged tmRNA. A specialized ORF within tmRNA is then translated onto the C terminus of the nascent protein. The tmRNA-encoded peptide tag contains recognition sites for several intracellular proteases (4) (5) (6) , ensuring that tagged proteins are rapidly degraded in vivo. tmRNA activity also results in rapid degradation of the mRNA that was engaged in the ribosome (7, 8) , perhaps by delivering an RNase to the translational complex (9) . The net result of tmRNA tagging activity is the release of the selected translational complex and the destruction of the nascent polypeptide and template mRNA.
The ubiquity of the tmRNA-SmpB system suggests that it confers a significant selective advantage to the cell. In fact, mutants in many species indicate that tmRNA activity is required for normal cellular physiology. tmRNA activity is essential for growth of Neisseria gonorrhoeae (10) , Haemophilus influenzae (11) , and species of Mycoplasma (12) . tmRNA mutants in Salmonella enterica (13, 14) and Yersinia pseudotuberculosis (15) have decreased virulence, and mutants of Caulobacter crescentus (16) and Bradyrhizobium japonicum (17) lacking tmRNA activity have developmental defects. In Escherichia coli (18) (19) (20) and Bacillus subtilis (21, 22) , tmRNA is required for optimal growth under a variety of stress conditions. Despite the abundance of recognized phenotypes associated with tmRNA activity, the reason tmRNA is required for these processes is not clear. In some cases it has been proposed that failure to release stalled ribosomes may result in titration of active translational complexes, thereby reducing the ability of the cell to produce new proteins or triggering a stress response that leads to the observed phenotypes (10, 18) . Another possibility is that phenotypes are generated because proteins that are normally tagged by tmRNA are misregulated in the absence of tmRNA activity. The substrates for tmRNA that are responsible for individual phenotypes must be identified and examined to distinguish between these models.
In C. crescentus, there is a strong but nonlethal phenotype in cells deleted for smpB or ssrA, the gene encoding tmRNA. C. crescentus cells divide asymmetrically to produce two distinct cell types, a stalked cell, which immediately initiates DNA replication, and a swarmer cell, which is metabolically active but cannot initiate DNA replication or proliferate until it differentiates into a new stalked cell (23) . Swarmer cells can be isolated from other cell types and will pass synchronously through the cell cycle, allowing a detailed study of cell-cycle-regulated events (24) . In wild-type cells, DNA replication is blocked in swarmer cells (G 1 phase) by binding of the response regulator protein CtrA to the origin of replication (25) . CtrA is degraded at the end of G 1 , which allows the replication initiation factor DnaA to bind to the origin and initiate replication (26) . In cells lacking tmRNA or SmpB, CtrA is degraded at the normal time, but replication is delayed by 40 min, resulting in an extended cell cycle and a 50% decrease in growth rate (16) .
Proteolysis of one or more tmRNA-tagged proteins is likely to be important for correct timing of DNA replication, because tmRNA variants that add a peptide lacking proteolytic signals do not complement the ⌬ssrA phenotype (16) . tmRNA-DD, a variant in which the final two codons of the peptide tag are changed from Ala-Ala to Asp-Asp, tags substrates, but the proteins are not rapidly degraded (27) . When tmRNA-DD is produced in the ⌬ssrA strain the DNA replication delay is exacerbated. Even in cells containing a wild-type copy of ssrA, production of tmRNA-DD causes a delay in DNA replication, suggesting that stabilization of tmRNA substrates either by the addition of the DD tag or by the absence of tagging is detrimental.
In addition to the cell cycle phenotype, cells lacking tmRNA activity will not maintain some families of multicopy number plasmids (16) . The tmRNA-DD variant complements the plasmid maintenance defect, indicating that the plasmid maintenance phenotype and the cell cycle phenotype are caused by different pathways. The plasmid maintenance defect must be caused either by failure to release stalled ribosomes or by misregulation of substrates distinct from those responsible for the cell cycle delay. To understand the molecular basis of tmRNA physiology in C. crescentus, a proteomic study of tmRNA substrates and the sites at which they are tagged was performed.
Results
Construction of Functional tmRNA-His6. Because proteins tagged with the wild-type tmRNA-encoded peptide AANDNFAEEFAVAA are rapidly degraded (27) , a variant of tmRNA that produces proteolytically stable tagged substrates was engineered. Following the strategy of Roche and Sauer (28), a variant of tmRNA was constructed that eliminates the proteolytic signal at the C terminus of the tag and allows purification of the tagged substrates by metal-chelate chromatography. In this variant, tmRNA-His 6 , the reading frame of the tmRNA tag was modified to replace the last six codons with histidines. To minimize disruption of the RNA structure, compensatory mutations were engineered to maintain predicted and observed base-pairing interactions in helix 5 of tmRNA (Fig. 1A) . To confirm that tmRNA-His 6 can tag substrate proteins, lysates of C. crescentus cultures expressing tmRNA-His 6 from a multicopy plasmid were examined by Western blot using a monoclonal antibody raised against a pentahistidine peptide. These lysates had multiple bands that reacted with the antibody and that were not present in a lysate from cells expressing wild-type tmRNA from the same plasmid (Fig. 1B) . The pattern and intensity of bands were similar to those observed for the tmRNA-DD variant using an antibody raised against the AANDNFAEEFAVDD peptide (data not shown). These data confirm that tmRNA-His 6 can tag C. crescentus proteins in vivo and indicate that tagging with the tmRNA-His 6 peptide results in proteins that are more stable than those tagged with the wild-type tmRNA peptide.
To determine whether the tagging activity of tmRNA-His 6 can substitute for wild-type tmRNA, the phenotypes of C. crescentus producing only tmRNA-His 6 or both tmRNA-His 6 and wild-type tmRNA were examined. C. crescentus with no tmRNA have a delay in cell cycle progression and cannot maintain some high-copynumber plasmids. Plasmids bearing tmRNA-His 6 could be maintained in the ⌬ssrA strain, demonstrating that the tmRNA-His 6 complements the plasmid maintenance defect caused by the ssrA deletion. However, cell cycle parameters including the timing of loss of motility, initiation of DNA replication, cell division, and the production and removal of cell-cycle-regulated proteins showed little difference between the ssrA deletion strain and the same strain producing tmRNA-His 6 (data not shown), indicating that the tmRNA-His 6 variant does not complement the cell cycle delay phenotype in the ssrA deletion strain. These data are consistent with previous results, which indicated that the proteolysis of tmRNAtagged substrates is required for correct timing of cell-cycleregulated events (16) .
Identification of Tagged Proteins.
A wild-type C. crescentus strain producing tmRNA-His 6 was used to identify substrates in an effort to minimize recovery of proteins that were tagged solely as a result of stress or changes in the cell cycle caused by the ssrA deletion. Cells were cultured in rich medium and harvested during logarithmic growth, and tmRNA-His 6 -tagged proteins were purified by Ni 2ϩ -NTA chromatography and separated by SDS/PAGE (Fig.  1C) . A mock purification using cells with no plasmid showed a few bands including a hypothetical protein with homology to CobW, a histidine-rich protein, which binds to Ni 2ϩ -NTA resin reproducibly. In contrast, far more bands distributed over a wide range of molecular weights were observed in the lysate prepared from the strain containing tmRNA-His 6 . If tmRNA activity was due exclusively to stochastic mRNA damage or translation arrest, all proteins should be tagged randomly throughout their sequence, and purified tmRNA-His 6 -tagged proteins should produce a continuous smear of bands on SDS/PAGE gels. The presence of discrete, highintensity bands of tmRNA-tagged proteins in Fig. 1 suggests that tagging by tmRNA has some specificity.
To identify the tagged proteins, SDS/PAGE gels were sliced into sections corresponding to molecular weight ranges, and the proteins in each slice were digested with trypsin and eluted from the gel. The masses of the tryptic fragments were then measured by using MALDI-TOF MS and compared with the predicted tryptic fragments from a database of all possible tagged proteins in the relevant molecular weight range using the search program MS-Fit (29) . Because a peptide containing sequence from an endogenous C. crescentus protein plus the tmRNA-His 6 -encoded peptide (junction peptide) can be produced only by tmRNA tagging activity, the identification of a junction peptide is strong evidence that the protein is a substrate for tmRNA. The criteria for positive substrate identification were (i) recovery of a junction peptide that contained at least three residues of the substrate protein fused to the tmRNAHis 6 peptide and at least one of the following: (ii) recovery of five additional peptides from the substrate; (iii) recovery of peptides corresponding to Ͼ35% of the mass of the tagged protein; (iv) and independent confirmation by Western blotting or two-dimensional quadrupole MS (LC-tandem MS) in subsequent experiments.
Seventy-three C. crescentus substrates that fit the above criteria were identified (Table 1) , corresponding to Ϸ2% of proteins predicted from the C. crescentus genome sequence. In addition, three proteins that were encoded on the plasmid bearing the tmRNA-His 6 gene were substrates for tmRNA. When the identification criteria were relaxed to require only four additional peptides or 25% of the tagged protein mass, 212 probable tmRNA substrates were recovered [supporting information (SI) Table 2 ].
The assignments made for the MALDI-TOF data were validated by two approaches. First, five proteins were analyzed by twodimensional quadrupole MS (LC-tandem MS) to obtain fragmentation masses for individual peptides. In all cases, the assignments made for MALDI-TOF data were confirmed by LC-tandem MS fragmentation ions, indicating that protein identification in the MALDI-TOF experiment was accurate (SI Table 3 ).
Second, the tagging of seven substrates was confirmed by Western blotting (Fig. 2) . The gene encoding each substrate was cloned into an expression vector with six histidine codons at the 5Ј end of the coding sequence, and the genes were expressed in C. crescentus cells containing tmRNA-DD. All of the protein made from the expression vectors will have a His 6 sequence at the N terminus, and any of the protein that is tagged by tmRNA will have the AAND-NFAEEFAVDD tag at the C terminus. Each putative substrate was purified by nickel-chelate chromatography and assayed by Western blotting with antibody raised against the tmRNA-DD peptide (anti-DD). All seven substrates were tagged with tmRNA-DD and had tagged bands that were consistent with the molecular weights of the tagged species identified by MS. Quantification of the band intensities indicated that 16-56% of the purified protein had the tmRNA-DD tag. An exogenous protein not normally tagged in C. crescentus, GFP, did not produce bands that reacted with the anti-DD antibody when expressed from the same vector, so expression under these conditions does not result in tagging of all proteins. These data indicate that the substrates and tagging sites identified by MALDI-TOF are likely to be correct.
In some of the anti-DD blots, such as with Rep, additional bands were visible that were not predicted from the MS data (Fig. 2) . Several factors limit the tagging sites that could be identified in the MS analysis, so some tagging sites are likely to have been missed. Junction peptides were required to contain at least three residues from the putative substrate to minimize MS spectrometric analysis; tagging within two residues of a lysine or arginine would be seen only if a tryptic cleavage site was not cut. In addition, tagging sites Ͼ17 residues after a tryptic cleavage site were unlikely to be identified because the mass of the fusion peptide would be too large. Because of these factors, there are likely to be more tmRNA tagging sites and more tmRNA substrates than those identified by MS.
Properties of tmRNA Substrates. Some functional categories of proteins, including DNA metabolism, protein synthesis, protein fate, and transport proteins, were overrepresented among the 2% of cellular proteins that are certain substrates and 5% that are probable substrates for tmRNA (Fig. 3) . Of the tmRNA substrates predicted to be involved in DNA metabolism, a total of 17 proteins 
Fig. 2.
Western blot analysis of tmRNA substrates. Each protein was produced with six histidine residues at the N terminus in a C. crescentus strain containing tmRNA-DD and purified. Western blots using PentaHis antibody were used to determine the mobility of the full-length protein (arrows), and blots using anti-DD antibody were used to identify tagged species. (six certain substrates and 11 probable substrates) function in DNA replication, recombination, and repair, comprising 22% of genes annotated in this category. In addition, two of the plasmid-borne substrates, Rep and Mob, function in replication and recombination of plasmid DNA (30) . Although the importance of tmRNA activity in regulating these replication, recombination, and repair factors has not been established, it is intriguing that both the delay in the initiation of DNA replication and the failure to maintain plasmids could be explained by defects in proteins in this group. Of the protein synthesis substrates, ribosomal proteins were slightly overrepresented, with nine proteins recovered (two certain substrates and seven probable substrates), comprising 16% of annotated ribosomal proteins. Translation factors and aminoacyltRNA synthetases were recovered at a higher rate. Thirty-eight percent of translation factors (three certain and two probable substrates) and 31% of aminoacyl-tRNA synthetases (five certain and three probable substrates) were identified as substrates. In the protein fate category, only proteases were significantly overrepresented, with 21% of annotated proteases recovered (four certain and nine probable substrates). The overrepresentation of proteins required for translation and proteases may indicate that tmRNA has a role in regulating global protein production and degradation through these factors, as well as by targeting individual substrates for proteolysis.
In the transport protein category, TonB-dependent receptors, outer membrane proteins that use the TonB system to import nutrients such as iron-bound siderophores, vitamin B 12 , and sugars, are overrepresented among tmRNA substrates. C. crescentus has 65 annotated TonB-dependent receptors, and 12 of these (18%) were identified as substrates for tmRNA (four certain and eight probable substrates). None of the other 21 putative outer-membrane channel proteins were identified as substrates. It is possible that difficulties in cotranslational secretion of TonB-dependent receptors may lead to stalled translation and cause a high rate of tagging. Alternatively, tmRNA activity may affect the transport of some nutrients through the outer membrane by the TonB system.
The number of substrates in the protein synthesis, protein fate, and transport protein categories may reflect the high expression level of genes in these groups, because abundant proteins are more likely to be purified and represented in the MS data. Each of these categories contains genes predicted to be highly expressed based on codon usage (31) . To determine whether the individual genes identified here are likely to be highly expressed, the codon adaptation index (32), a normalized measure of codon bias, was calculated for each gene. Of the recovered substrates, eight of nine ribosomal proteins, four of five translation factors, four of eight aminoacyl-tRNA synthetases, six of 13 proteases, and eight of 12 TonB-dependent receptors are predicted to be highly expressed (SI Table 2 ). However, as in previous predictions, the DNA metabolism genes are not predicted to be highly expressed, with the exception of dnaK, which functions as a chaperone in addition to its role in DNA replication (33) . Therefore, some substrates may have been recovered because they are highly abundant in the cell, but not all tmRNA substrates are made from genes predicted to be highly expressed.
In addition to the C. crescentus proteins and the Rep and Mob proteins encoded in the plasmid, chloramphenicol acetyltransferase, also encoded on the plasmid, was a tmRNA substrate. The rep, mob, and cat genes are the only genes on the plasmid other than the gene encoding tmRNA-His 6 , suggesting that proteins produced from a plasmid-borne gene may be targeted to tmRNA. As previously noted, when other exogenous genes such as gfp were expressed from the same plasmid, they did not produce tagged proteins (Fig. 2) . Therefore, tmRNA does not tag all exogenous proteins or all proteins produced from plasmid-encoded genes.
Sequence Motif Associated with tmRNA Tagging Sites. Studies in vivo and in vitro suggest that tmRNA substrates are selected by truncation of the mRNA before translation is complete (2) . In E. coli, C. crescentus, and B. subtilis, insertion of a strong transcriptional terminator before an in-frame stop codon results in tmRNA tagging of reporter genes (5, 27, 34, 35) . In E. coli, tagging can also be induced artificially by depletion of a tRNA or termination factor (36) (37) (38) . Some endogenous E. coli proteins that are tagged under laboratory culture conditions contain sequences that slow translation elongation or termination and lead to mRNA cleavage and subsequent tmRNA activity or that facilitate mRNA cleavage in the ribosome by small toxin proteins (1-3). For example, rare codons followed by an inefficient termination sequence (39), a C-terminal proline residue (40, 41) , or the sequence LESG before a stop codon (42) are tagging determinants in individual substrates, and when RelE is activated UAG, UCG, and CAG sequences are frequently cleaved, leading to tagging at these sequences (43, 44) . The tmRNA tagging sites in C. crescentus substrates were examined to evaluate whether the determinants used in E. coli are also used in C. crescentus. Among the C. crescentus substrates, two proteins, peptidyl-tRNA hydrolase and chloramphenicol acetyl transferase, are tagged after a rare codon, and none has a C-terminal proline residue or LESG sequence. Five substrates are tagged at the C terminus, but the characteristics of termination efficiency have not been assessed in C. crescentus. No nucleotide sequences of two, three, or four residues that might act as toxin cleavage sites were found at the tagging sites at frequencies higher than expected for a random distribution. Therefore, no more than seven of the certain or probable tagging sites could be explained by the determinants identified in E. coli substrates.
To investigate protein or nucleic acid sequences that could act as cis-acting determinants of tmRNA tagging in C. crescentus, the sequences adjacent to the certain tagging sites were searched for motifs. Searches of the nucleic acid sequences within 180 nt 5Ј of the tagging sites using either MEME (45) or Gibbs Motif Sampler (46) revealed a motif with the consensus sequence CGACAA-GATCGTCGTG common to 46 substrates (Fig. 4) . The spacing between this motif and the tagging site varied from three to 60 codons. No common features were found in the DNA sequences 3Ј of the tagging site, the protein sequences, or predicted mRNA secondary structures. Examination of other properties of the substrates, including the timing of gene expression, position of the gene within its operon, or position of the gene on the chromosome, also revealed no common features.
To determine whether the identified motif is required for tmRNA activity, mutations to replace the motif sequence were engineered in the plasmid-encoded copies of pth, dnaK, and CC0981, and the corresponding proteins were purified from C. crescentus cells bearing tmRNA-DD and analyzed by Western blotting (Fig. 5) . In all cases, replacement of the motif sequence dramatically decreased the abundance of the tmRNA-DD-tagged band closest to the mutated motif. When all tagged species were quantified, there was an overall decrease in tagging of 20-50% in mutated substrates. For dnaK, there are two additional copies of the motif 3Ј of the sequence that was mutated, so these motifs may continue to direct tagging from the mutated gene. However, for pth and CC0981 no other strong motifs were present. The residual Sequences 180 nt 5Ј of the identified tmRNA tagging sites were searched for a conserved motif by using MEME software (45) , and the results are displayed by using enoLOGOS software (57) . An identical motif was found by using Gibbs Motif Sampler software (46) . tagging indicates that either the targeting signal is larger than the identified motif and is still partially functional in the mutated genes or there are additional targeting mechanisms for these substrates. These results suggest that the motif sequence plays an important role in the selection of tagging sites and the frequency of substrate tagging.
A search of the C. crescentus genome using a position-dependent scoring matrix for the motif shown in Fig. 4 identified 428 additional genes that contain the tagging motif, including 30 of the probable substrates in SI Table 2 (see SI Table 4 ). The motif was also found in the plasmid-encoded genes rep, mob, and cat within 180 nt of the identified tmRNA tagging sites. Similar searches for the motif in known substrates from E. coli and B. subtilis revealed no matches. Although the motif is clearly not found in all C. crescentus tmRNA substrates, it may account for a portion of the observed tagging. It is notable that many proteins involved in DNA replication, recombination, and repair and TonB-dependent receptors contain the motif. Therefore, the motif may be used to target a specific subset of proteins to the tmRNA pathway.
Discussion
The tmRNA substrates identified here expand the known substrates Ͼ10-fold and provide an opportunity to understand the basis of tmRNA physiology and substrate selection. In C. crescentus, the delay in the timing of initiation of DNA replication in the absence of tmRNA activity may be due entirely or in part to misregulation of DNA replication factors. Several subunits of the replication elongation complex and the primosome, as well as DnaK, which is required for replication initiation, are among the certain or probable substrates of tmRNA. Dedicated repair proteins such as RecN, Mfd, MutS, UvrC, and Vsr are also substrates. Loss of tagging of any or all of these substrates could delay the initiation of replication by altering the amount of active replication initiation or replisome complexes, or by interfering with repair of DNA damage. In a similar fashion, the plasmid maintenance defect associated with tmRNA could be caused by misregulation of Rep, which is required for plasmid replication. Detailed studies of the impact of tmRNA tagging on the regulation of these proteins will be required to test these models.
It is unclear whether tmRNA activity is directed to the same substrates in C. crescentus as in other species. Previous studies identified six E. coli proteins (LacI, RbsK, GalE, YbeL, PhoP, and RpsG) (28, 38) and eight B. subtilis proteins (EF-Tu, FolA, GsiB, TreP, PerR, YqaA, YtoQ, and YloN) (47) that are tagged by tmRNA under normal growth conditions. Only seven of these proteins are encoded in the C. crescentus genome, and only EF-Tu was identified as a tmRNA substrate. There are also few similarities in the functional categories of substrates among the three species. Three of the E. coli substrates (LacI, RbsK, and GalE) are involved in sugar metabolism, a category that is not overrepresented among C. crescentus substrates, and of the other three substrates only the ribosomal protein RpsG is in a category that is overrepresented in C. crescentus. However, given the small sample of identified tmRNA substrates in E. coli and B. subtilis, it is premature to judge whether these differences are indicative of different functions for tmRNA in these species.
Studies employing the E. coli substrates LacI, YbeL, and RbsK have provided significant insights into the molecular mechanism of tmRNA activity and have established rules for substrate sequences that will lead to tagging in particular proteins (39) (40) (41) (42) . However, each of these substrates is targeted to tmRNA by a different sequence, and none of the rules has been shown to function in more than one substrate under normal growth conditions; thus, it is still unclear how widely these targeting sequences are used in E. coli. It is also not known whether the substrate selectivity rules in E. coli are shared by other species, but they are not used for the majority of substrates in C. crescentus.
The sequence motif in Fig. 4 is found in 66% of C. crescentus substrates and is important for the normal amount and pattern of tagging. However, it is not yet clear whether the motif is sufficient to target a protein to the tmRNA pathway. Insertion of the motif at different sites in the coding sequence for GFP resulted in tagging in some instances but not in others (data not shown), suggesting that additional factors are likely to influence the effectiveness of the motif in substrate targeting.
There are several possible mechanisms by which the motif could generate an mRNA with no stop codon to promote tmRNA activity. Because the motif was not found directly at the tagging site and the spacing between the motif and the tagging site is variable, the motif is unlikely to be a ribonuclease cleavage site. However, it could be a recognition site for a ribonuclease that cuts 3Ј of the motif, or it could promote a translation stall 3Ј of the motif, resulting in nucleolytic cleavage of the mRNA. Alternatively, the conserved motif may promote termination of transcription before the mRNA is complete, for example, by binding a termination factor such as Rho. Transcription termination is not well studied in C. crescentus, and the sequence preferences for Rho and other termination factors are unknown. If the motif interacts with one or more trans-acting factors to target proteins to the tmRNA pathway, cells could differentially regulate the tagging of subsets of proteins through the activity of the trans-acting factors. The motif was not found in the known tmRNA substrates in E. coli or B. subtilis, so either the motif does not function in these two species, at least for the 14 identified substrates, or the motif sequence is significantly diverged. The precise role of this motif in C. crescentus and the identification of any trans-acting factors that interact with this sequence will provide significant insight into global control of tmRNA activity.
Experimental Procedures
Strains and Plasmids. C. crescentus strains were derived from the wild-type CB15N (24) and grown at 30°C in PYE medium (48) . pssrA-His 6 was derived from pssrA (16) by using PCR-based mutagenesis. For production of tmRNA-DD in conjunction with tmRNA substrates, pKK842 was constructed by cloning the ssrA-DD gene from pssrA-DD (16) into the RK2-based plasmid pRK290/20R. Genes encoding tmRNA substrates were cloned with six histidine codons after the translation initiation sequence under control of a xylose-inducible promoter (49) in pJS14 (50) .
Purification of tmRNA-Tagged C. crescentus Proteins. Cells were harvested by centrifugation and resuspended in 5 ml of L8 buffer (100 mM NaH 2 PO 4 /10 mM Tris⅐HCl, pH 8.0/150 mM NaCl/1 mM PMSF/20 mM imidazole/8 M urea) per gram of wet weight and lysed by stirring for 1 h followed by sonication. The lysate was cleared by centrifugation at 10,000 ϫ g for 30 min, and the supernatant was added to 5 ml of Ni-NTA resin (Qiagen, Valencia, CA) equilibrated in L8 buffer. After mixing for 1 h, the resin was washed sequentially with 200 ml of LX buffer (L buffer with X ϭ 8, 6, 4, 2, and 0 M urea), and bound protein was eluted with 10 ml of L0 buffer containing 500 mM imidazole.
MS.
Proteins were separated on a 4-15% gradient polyacrylamide gel (Bio-Rad, Hercules, CA), and bands were excised and processed for peptide mass fingerprinting as described (51) . Samples were analyzed by MALDI-TOF MS using a Perseptive Voyager-DE (Stanford Protein and Nucleic Acid Facility, Stanford, CA). A database containing conceptual translations of all genes in the C. crescentus genome with the sequence AANDNFAEHHHHHH after each residue was created and searched by using MS-Fit (29) . Gene annotations and functional categories from The Institute for Genomic Research were used for analysis (52) .
Four samples from independent purifications of tagged proteins from cells containing tmRNA-His 6 were digested with trypsin, Asp-N, or Glu-C protease and analyzed by LC-tandem MS at the Stanford University Mass Spectrometry facility (Stanford, CA). Parent masses and fragmentation ions were used to identify substrate proteins by using SEQUEST software (Thermo Fisher Scientific, Waltham, MA).
To confirm individual substrates, the cognate genes with six histidines at the 5Ј ends were expressed in cells containing the ssrA-DD gene on pKK842, and the proteins were purified by using Ni 2ϩ -NTA resin and analyzed by Western blot using PentaHis antibody (Qiagen) and anti-DD. Band intensities were quantified by using ImageQuant software (GE Healthcare, Piscataway, NJ), and the fraction of protein with the tmRNA-DD tag was determined by comparison to a control protein (His 6 -Rep-ssrA-DD) containing both the His 6 and tmRNA-DD epitopes, which was loaded on the same gels.
Motif Searches. The nucleotide and protein sequences corresponding to regions 60 codons upstream or downstream of tagging sites were analyzed by MEME (45), Gibbs Motif Sampler (46) , mfold (53) , and CARNAC (54) . Searches for genes containing the motif were performed by MAST (55).
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